ABSTRACT. The paper presents the results of tests on the fatigue crack growth for a constant moment amplitude under combined bending with torsion in the aluminium alloy AW-2017A-T4. The tests were performed under different values of the load ratio R. Plane specimens with stress concentrators in form of the external one-sided sharp notch were tested. A non-uniform fatigue cracks growth on both lateral surfaces of specimens was observed during experimental tests. Fatigue cracks were developing in the specimens in two stages; quarter-elliptic edge cracks were observed at the beginning, then evolving into through cracks.
INTRODUCTION
atigue of materials, especially formation of fatigue cracks and their growth belong to the most important problems of solid mechanics, and they have been intensely investigated for many years [1, 2] . These phenomena are extremely important, because they damage components of machines, and in many cases they cause disasters. Descriptions of fatigue crack growth under bending with torsion of elements with rectangular cross sections are rarely discussed in the literature. Reason behind this is that such elements are less widely used in the industry. In the literature can be found various problems of fatigue crack growth for simple load conditions, such as: tension, torsion or bending [3] [4] [5] [6] , as well as for complex load conditions, including: tension with torsion [7] , bending with torsion [8] , and others [9] [10] [11] . The paper [12] the authors described propagation of short cracks and fatigue cracks within threshold range on specimens under three-point bending, during which the researchers initiated crack plane at a certain angle towards bending plane. That allowed obtaining combination of normal and shearing stresses in the crack tip. In Ref. [13] presented three-point cyclic bending of specimens with slits for mixed modes I and III in threshold cracking range. While the performed tests of steel specimens domination of mode I was expected. At the initial stage, changes of mode I were observed, next a fluent rotation of the crack front occurred up to the moment of its perpendicular positioning to the specimen side. The aim of the paper is to describe fatigue cracks growth in specimens with rectangular cross-section made of the AW-2017A-T4 aluminium alloy under bending with torsion.
F EXPERIMENTAL PROCEDURE
Material and specimen pecimens with rectangular cross-section and gross size 8 x 10 mm were used in fatigue tests. The specimens were made of the AW-2017A-T4 aluminium alloy and described in the standard PN-EN 573 of 1997. Mechanical properties of the material are given in Tab. 1. The specimens were made of a extruded bar 16 mm in diameter.
382 480 72 0.32 Table 1 : Mechanical properties of the AW-2017A-T4 aluminum alloy.
The specimens had an external, unilateral notch, which was a0 = 2 mm long and its radius was  = 0.2 mm (Fig. 1) . The notches in the specimens were cut with a milling cutter and their surfaces were polished on abrasive paper with decreasing gradation. The theoretical stress concentration factor in the specimen under bending K t = 3.76 was estimated according to Ref. [14] . Alloys of aluminium with copper and magnesium, that is duralumin, belong to alloys characterised by supreme strength properties. Elements of such shape are used, among others, in cars (by Renault Co.), trucks and tanks (attaching springs) as torsion bars, and as indirect beams used in drilling for oil and natural gas. 
S

Fatigue tests
The test results of fatigue crack growth under proportional bending with torsion were obtained at the laboratory in Department of Mechanics and Machine Design in Opole University of Technology. The tests were performed on the fatigue test stand MZGS -100 [16, 17] , which allows to perform cyclic bending, torsion and synchronous bending with torsion. The tests were conducted under controlled force (in the considered case, the amplitude of bending moment was controlled) with the loading frequency 28.4 Hz. The bending with torsion moment was generated by force on the arm 0.2 m in length. Fatigue tests were performed in the low cycle fatigue (LCF) and high cycle fatigue regime (HCF). Unilaterally restrained specimens were performed with the constant amplitude of moments Ma = 7.92 Nm and load ratio R = Mmin / Mmax = -1, 0. The shear stress at the specimen coming from bending takes very small values, below 3% of the maximum applied bending stress and it is neglected in further considerations. In Fig. 3 M(t) is the ratio of torsion moment to bending moment was MT(t) / MB(t) = tan = 1. Proportional bending with torsion were obtained by rotation of the head by angle  = 45° (see Fig. 3 ). Pure bending takes place when the  angle is 0°, and for the  angle 90° we have torsion. Fatigue crack growth on the specimen lateral surfaces -"a" (active side) and "a*" (passive side) and upper surface "c" ( 
EXPERIMENTAL RESULTS AND DISCUSSION
non-uniform fatigue cracks growth on both lateral surfaces of specimens was observed during experimental tests. Fatigue cracks were developing in the specimens in two stages; quarter-elliptic edge cracks were observed first, then evolving into through cracks. Experimental test results for proportional bending with torsion are shown as diagrams of crack lengths: a = f (c) (Fig. 5a ), a = f (a*) (Fig. 5b) and a = f (N) (Fig. 6) . Growth period for quarter-elliptic edge cracks at load ratio R = -1 was ca. 27% of specimen lifetime, whereas for through cracks its value reached approximately 73%. For load ratio R = 0 growth period for quarter-elliptic edge cracks was ca. 18% of specimen lifetime, whereas for through cracks it reached approximately 82%. From graphs fatigue cracks growth shown in Fig. 5a allowed observing that for load ratio R = -1 the relationship between lengths of cracks a/c had higher values than for ratio R = 0. For example, Fig. 5a shows that for ratio R = -1 and c = 7.20 mm (crack depth in specimen upper surface) the relationship between lengths of cracks is: a/c = 0.274, whereas for ratio R = 0 and c = 7.20 mm this relationship is: a/c = 0.174. The results of crack length measurements a = f (c) show higher curvatures for ratio R = -1 than for R = 0. Fig. 5b presents experimental test results performed for the same specimen as in Fig. 5a , but for further through crack growth. Figs. 5a and 5b demonstrate in diagrams non-uniform fatigue cracks growth on both specimen active side and passive side. Higher crack growth values were measured for active side than passive side. Test results (Fig. 5b) allowed observing that for load ratio R = -1 and crack length a = 7.10 mm, the relationship a/a* = 1.203 has higher values than for the ratio R = 0, where a/a* = 1.092. Whereas, for R = -1 and a* = 0.15 mm, the relationship a/a* = 14.333 also has higher values than for the ratio R = 0, which is a/a* = 10.133. We may also observe that for a* = 0.15 mm the relationship a/a* is approximately twelve times (R = -1) and nine times higher (R = 0) than for a = 7.10 mm. Moreover, experimental test results shown in Fig. 5b allow observing that during the final cracking stage, the lengths of cracks on the sides active and passive, for R = 0, are close to each other, and for R = -1 the difference between these lengths is higher. 6 shows experimental test results in the form of diagrams the lengths of fatigue cracks "a" in function of the number of cycles N. During the test analysis it has been observed that fatigue life increases more than 14 times, changing ratio value from R = 0 to R = -1. For specimens subjected to oscillatory loads (R = -1), cracking initiation commenced after 90000 cycles (fatigue failure was formed after 251000 cycles), whereas for R = 0 cracking initiation took place already after 9000 cycles (failure was formed after 17500 cycles). The tests were performed for three specimens at each load level. Fig. 7 presents experimental test results in the form of diagrams showing fatigue crack growth rate da/dN (dc/dN) in function of changes equivalent stress intensity factor range ΔK eq . The increase in fatigue crack growth rate da/dN applies to specimen length (active side), whereas dc/dN concerns specimen depth. Test results for fatigue crack growth rate in function of equivalent stress intensity factor range were described using Paris equation [18]  In case of proportional loads (bending with torsion), equivalent stress intensity factor range ΔK eq for mixed cracking mode was computed using the following formula 2 2 2.64
A changes range of the stress intensity factor K I for bending (mode I) and K III for torsion (mode III) was calculated from [13]   2 0
where  -range of nominal stresses under bending and torsion. The correction coefficients Y I for bending [19] and Y III for torsion [20] occurring in Eqs. (3) and (4) 
where h -height of the specimen.  Under proportional bending with torsion was observed two stage fatigue cracks growth, quarterelliptic edge cracks, which then passes through the crack.  It was noticed that the difference in lengths of cracks on both specimen sides is higher for load ratio R = -1 than for R = 0.  The fatigue crack growth rate is higher for dc/dN compared with da/dN under the same value K eq .  It has been confirmed that the change of ratio R = 0 to R = -1 results in fatigue life increase exceeding 14 times, while at the same time crack growth rate drops by more than 10 times. 
NOMENCLATURE
